. Moreover, visceral fat content and intramuscular lipids are markers of dysregulated insulin responsiveness independent of total body obesity, and are associated with substantially increased prevalence of metabolic syndrome [6, 7] . These studies suggest that insulin resistance and altered glucose homeostasis are more closely related to regional adipose tissue distribution than total fat mass. Indeed, the relation between visceral fat content and glucose intolerance is even stronger in normal weight men and women than in overweight or obese men and women [7] .
While excess intra-abdominal fat tissue is independently correlated with insulin resistance [8, 9] , subcutaneous fat tissue dysfunction, leading to inability to store excess energy, may result in expansion of potentially deleterious visceral fat and metabolic disease. This is associated with ectopic fat deposition in liver, skeletal muscle, heart, and pancreatic ␤ -cells [10] . These changes appear to occur in both old age and in lipodystrophies.
As in advanced old age, patients with certain lipodystrophies have selective loss of subcutaneous adipose tissue as well as intra-abdominal fat expansion [11] . They develop insulin resistance and dyslipidemia with marked hypertriglyceridemia, mild hypercholesterolemia and reduced high-density lipoprotein cholesterol. Glycerol levels and free fatty acid turnover are increased without increased free fatty acid oxidation. Mutations of genes that encode lipodystrophic syndromes (1-acylglycerol-3-phosphate-O-acyltransferase 2, Berardinelli-Seip congenital lipodystrophy 2, caveolin 1, lamin A/C, peroxisome proliferator-activated receptor-␥ or v-Akt murine thymoma oncogene homolog 2) may do so by impairing triglyceride synthesis or storage. Consistent with this, a recent study in transgenic rats with a mutation of the lamin A/C gene indicated impaired differentiation of preadipocytes into mature adipocytes [12] . Interestingly, this is the same gene that causes Hutchinson-Guilford progeria, a condition also associated with subcutaneous fat loss. It is still not clear why the loss of fat tissue is sitespecific in lipodystrophies and does not uniformly involve all fat depots.
Fat tissue is an endocrine organ capable of expressing and secreting many different autocrine, paracrine and endocrine factors [13] . Fat tissue regulates a range of processes that affect metabolic function, including adipogenesis, glucose metabolism, production of components of the renin-angiotensin system, and enzyme and hormone production and processing as well as angiogenesis, immune responses and hemostasis. It releases chemokines and cytokines that can contribute to metabolic dysfunction and attract pro-inflammatory T lymphocytes, mast cells and macrophages.
Macrophage abundance is often increased in adipose tissue of both obese and lipodystrophic subjects [14] [15] [16] [17] [18] [19] [20] . Infiltration with activated pro-inflammatory T lymphocyte subsets and mast cells and loss of immunomodulatory and anti-inflammatory T lymphocyte subtypes occur before macrophage infiltration in obesity and may contribute to macrophage infiltration and activation [21] [22] [23] [24] [25] . Activated macrophages, in turn, exacerbate the fat tissue pro-inflammatory state and insulin resistance. Indeed, macrophages in lipodystrophic HIV-infected subjects may be involved in adipose tissue wasting [19, 26] . Macrophage infiltration and recruitment in HIV-related lipodystrophy are closely related to anti-retroviral drug treatment [19, 20] . This occurs in a fat-depot specific pattern [26] . Dysfunctional fat tissue in obese individuals may promote inflammation due to enlarged adipocytes that produce inflammatory cytokines. Even if the precise details of the pathophysiology of the fat tissue damage are different in obesity from the lipodystrophies, the resulting metabolic dysfunction is strikingly similar. However, neither the hypothesis that metabolic dysfunction is due to impaired lipid storage causing lipotoxicity, nor that dysfunction is due to infiltration by immune effectors, completely explain what happens in old age. Age-related fat tissue dysfunction may be related to a combination of mechanisms, with reduced capacity to store lipotoxic fatty acids, fat tissue damage by fatty acids and inflammation being contributing factors. These processes are interrelated and amplify each other. The potential contributions of inherent age-related dysfunction of adipocytes, and particularly of the progenitors from different fat depots that give rise to new fat tissue throughout life, to agerelated changes in fat tissue are addressed below.
The Adipose Organ and Aging
The main role of fat tissue is to store energy, which is concentrated in neutral triglycerides. Triglycerides may arise from de novo lipogenesis, with synthesis of triglycerides from non-lipid precursors, or hydrolysis of circulating lipids, uptake as free fatty acids and re-esterification into triglycerides. These intracellular triglycerides can be rapidly hydrolyzed by lipases into glycerol and free fatty acids that are then released and transported to other tissues to be oxidized in mitochondria. It has been reported that mobilization of lipids is impaired in old mice due to abnormalities in gene expression for apolipopro-teins. In response to stressful external stimuli (such as fasting), young mice maintain normal energy homeostasis by activating lipoprotein lipase, while old mice are largely unable to adapt to such challenges [27] . However, in the face of positive caloric balance, if adipogenesis is impaired and intracellular adipocyte hydrolysis of triglycerides exceeds intracellular free fatty acid esterification, there is a net release of free fatty acids into the circulation. This, if extensive enough, contributes to systemic metabolic dysfunction [28] . Increased fatty acid delivery to other organs, especially when coupled with defective fatty acid oxidation, leads to ectopic triglyceride storage in these organs, contributing to systemic dysfunction. Cytotoxic effects of fatty acids are termed lipotoxicity [13] . Saturated fatty acids, including palmitate and stearate, are more lipotoxic than unsaturated fatty acids, such as palmitoleate, oleate or linoleate, possibly related to the ceramide generated by saturated fatty acids [29] . Palmitate, oleate and linoleate are the most common fatty acids in the human diet as well as in human and animal fat tissue.
Small fat cells defend against lipotoxicity by sequestering excess fatty acids as neutral triglycerides. Preadipocytes, which account for 15-50% of the cells in fat tissue, give rise to new fat cells throughout life as fat tissue turns over, and also defend against lipotoxicity. However, with aging, even preadipocytes become increasingly susceptible to lipotoxicity [30] . Preadipocytes from old rodents treated with oleate accumulated lipid in multiple small droplets characteristic of lipotoxicity, developed morphological changes in their nuclei and had increased caspase activity, consistent with increased apoptotic activity. Furthermore, preadipocytes from old rodents had lower differentiation-dependent gene expression than preadipocytes from young animals treated with oleate. Reduced capacity of preadipocytes to express differentiation-dependent proteins that bind cytotoxic fatty acids and convert them into less cytotoxic triglycerides with aging may, in turn, diminish defense against lipotoxicity, setting up a vicious cycle that accelerates preadipocyte and fat tissue dysfunction.
Saturated fatty acids, such as palmitate, are particularly lipotoxic. In the absence of inducers of preadipocyte differentiation, palmitate induces stress responses and proapoptotic transcription factor expression in preadipocytes [31] . Treatment with oleate or linoleate reverses this palmitate-induced apoptosis. The negative impact of palmitate on fat cells has been demonstrated in several in vitro studies [31] [32] [33] [34] [35] . Furthermore, saturated fatty acids are involved in fat tissue inflammation. In vitro studies [32] [33] [34] [35] indicated that 3T3-L1 adipocytes preloaded with saturated fatty acids, but not with unsaturated fatty acids, exhibited oxidative stress and expression of pro-inflammatory cytokines, including monocyte chemoattractant protein-1 (MCP-1, a macrophage chemokine), tumor necrosis factor-␣ (TNF-␣ ) and interleukin-6. Palmitatetreated 3T3-L1 adipocytes had increased MCP-1 [33] . Moreover, exogenously administered TNF-␣ enhanced MCP-1 release from adipocytes. Increased adipocyte TNF-␣ release was also found in co-culture studies of adipocytes with macrophages [34, 35] . Saturated fatty acids, including palmitate and laurate, induced TNF-␣ expression in macrophages, which, in turn, promoted lipolysis and augmented adipocyte MCP-1 expression. These inflammatory changes were evident in co-culture without direct contact between cells, indicating that adipocytes and macrophages communicate at least in part through paracrine mechanisms. Furthermore, fat tissue from obese subjects induces T lymphocyte responses leading to interferon-␥ release and macrophage activation [22] [23] [24] [25] . Thus, saturated fatty acids may be especially deleterious to fat tissue function in old age, since preadipocytes become paradoxically susceptible to lipotoxicity with aging, and palmitate is even lipotoxic in preadipocytes and fat cells from younger individuals.
Mesenchymal progenitors are thought to be self-replicating and capable of differentiating into mature adipocytes and other mesenchymal cell types. Upon exposure to nutrients, hormonal effectors (such as insulin, glucocorticoids, insulin-like growth factor-1), and paracrine and autocrine effectors (including free fatty acids and cyclic AMP), mesenchymal progenitor-derived preadipocytes begin to express transcription factors [including proliferator activated receptor-␥ (PPAR-␥ ) and the CCAAT/enhancer binding protein (C/EBP) family] and differentiate into mature fat cells [10, 36] . In addition to preadipocytes, mesenchymal progenitors can give rise to bone, cartilage and muscle progenitors, as well as macrophages and renal mesangial cells [37] . Cellular stress responses activated by inflammatory cytokines, lipotoxicity and inherent age-related changes in progenitor function may cause dysdifferentiation of mesenchymal progenitors into partially differentiated, adipocyte-like cells [mesenchymal adipocyte-like default cells (MAD cells); [37] ]. Indeed, MAD cells with a partial fat cell-like phenotype and expression of genes usually expressed in fat (e.g. PPAR-␥ ) develop from muscle progenitors (muscle satellite cells) and bone marrow progenitors cultured from old individuals [37] . These MAD cells may contribute to accumulation of fat in non-adipose tissues with ag-ing. Even preadipocytes from old individuals behave like MAD cells, as they are not capable of differentiating into fully functional fat cells [37] .
The fat tissue deregulation that occurs in aging, obesity and lipodystrophy may initiate self-propagating inflammatory cycles. Dysfunctional fat cells start to secrete pro-inflammatory cytokines and chemokines that, in turn, alter T lymphocyte subsets, attract mast cells and cause monocyte recruitment and macrophage activation. Factors secreted by macrophages induce the release of fatty acids from adipocytes that impede differentiation of preadipocytes into fat cells and cause dysdifferentiation of mesenchymal progenitors into MAD cells. All these processes contribute to lipotoxicity in adipose tissue and other organs, elicit cellular stress responses, cause even more generation of inflammatory cytokines and chemokines, further block adipogenesis, and result in further release of lipotoxic fatty acid [13] .
Adipogenesis and Aging
Preadipocyte capacities for replication and differentiation decline with aging [36, 38, 39] . The decline in fat depot size with aging is not due to a decrease in adipocyte number, but rather to decreased adipocyte size [40, 41] . This suggests that new fat cells are formed throughout one's life span. In old age, fat cell progenitors are not as capable of lipid accumulation or insulin responses as cells from younger individuals, likely contributing to the increased abundance of small, insulin-resistant, dysfunctional fat cells with aging. We found that preadipocytes isolated from old humans and treated with differentiation-inducing medium accumulated fewer doubly refractile lipid inclusions than preadipocytes from young subjects [39] ( fig. 1 ). Glycerol-3-phosphate dehydrogenase, a differentiation-dependent gene product, decreases with aging in humans [42] . Decreased capacity for differentiation with increased age is at least partly due to decreased expression of key transcription factors involved in adipogenesis. Transcription factors in the C/EBP family, as well as PPAR-␥ , have important roles in the differentiation program. They act sequentially in a signaling cascade that leads to the fat cell phenotype. C/EBP-␤ and -␦ are expressed first, followed by C/EBP-␣ and PPAR-␥ . Once C/EBP-␣ is expressed, it maintains expression of PPAR-␥ and C/EBP-␣ itself [43] . The process of adipocyte differentiation is restrained by anti-adipogenic factors, including inhibitory C/EBP family members, such as C/EBP-␤ liver inhibitory protein (C/EBP-␤ -LIP) and C/EBP homologous protein (CHOP). They form heterodimers with adipogenic C/EBP family members or prevent adipogenic C/EBP family members from binding to differentiation-dependent promoters, inhibiting adipogenesis. CUG triplet repeat RNA binding protein (CUGBP) is upstream of C/EBP-␤ -LIP. CUGBP binds to C/EBP-␤ mRNA, resulting in switching from translation of the adipogenic C/EBP-␤ LAP to the anti-adipogenic C/EBP-␤ -LIP protein isoform.
We found that expression of C/EBP-␣ declines with aging in differentiating primary rat preadipocytes and fat cells [39] . Increasing C/EBP-␣ expression by transfecting cells derived from old rats partially restored their capacity to differentiate into fat cells. This suggests that downstream, differentiation-dependent genes retain their ability to respond to overexpressed levels of C/EBP-␣ . Thus, the mechanisms causing inherently impaired adipogenesis with aging act at or before the level of adipogenic transcription factor expression during differentiation.
Anti-adipogenic C/EBP-␤ -LIP increases both in cultured differentiating preadipocytes from different fat depots and in fat tissue in vivo. This could impact down-79 years 26 years Fig. 1 . Human preadipocyte capacity for lipid accumulation declines with age. Preadipocytes isolated from subcutaneous abdominal fat derived from healthy young (26 years, BMI: 27.6, male) and old subjects (79 years, BMI: 29.1, male), and passaged for four population doublings until confluency, were treated with differentiationinducing medium for 7 days.
stream differentiation-dependent genes, including those involved in glucose homeostasis and lipid metabolism. We found that increased C/EBP-␤ -LIP is related to an increase in CUGBP with aging [44] . Inhibiting CUGBP in preadipocytes from old animals led to decreased C/ EBP-␤ -LIP and enhanced lipid accumulation in these cells. Furthermore, TNF-␣ , which is secreted to a greater extent in fat tissue from old individuals than from younger individuals, increased preadipocyte CUGBP activity. TNF-␣ also enhances CHOP expression in primary rat preadipocytes. CHOP, in turn, is anti-adipogenic. TNF-␣ short interference RNA reduced CHOP expression and partially restored lipid accumulation [45] . TNF-␣ inhibits insulin action through a variety of mechanisms [46] , also contributing to its anti-adipogenic effects. TNF-␣ secretion varies not only with aging, but among different fat depots as well. In rats, epididymal preadipocytes release more TNF-␣ than perirenal cells, consistent with the finding that epididymal preadipocytes have lower capacity for lipid accumulation and less complete differentiation than perirenal cells [33] .
Regional Variation in Fat Cell Progenitor Function
Human studies provide support for the hypothesis that preadipocytes and fat cells from different regions are inherently distinct. Genome-wide expression profiles of primary preadipocytes from human abdominal subcutaneous, mesenteric and omental fat tissue differed with respect to gene signatures [47] . Mesenteric preadipocytes had gene expression profiles closer to those of subcutaneous than to omental cells. Many of these differentiallyexpressed genes are involved in lipid metabolism. The most prominent distinct class of genes were developmental regulators, indicating preadipocytes from different fat depots are distinct cell subtypes [47, 48] .
We found human abdominal subcutaneous preadipocytes had the highest capacity to differentiate, as indicated by lipid accumulation and expression of the fat cell fatty acid binding protein, FABP-4, as well as PPAR-␥ and C/EBP-␣ . Mesenteric preadipocytes from the same subjects had intermediate capacity for adipogenesis and omental cells had the lowest. Transfection with C/EBP-␣ enhanced capacity of omental preadipocytes to accumulate lipid, suggesting that genes upstream of C/EBP-␣ contribute to regional differences in fat depots. Differences in preadipocyte replication and differentiation remained evident even in colonies derived from single primary subcutaneous compared to mesenteric or omental preadipocytes [47, 49] . Depot-dependent differences in preadipocyte replication, differentiation and susceptibility to TNF-␣ -induced apoptosis and developmental gene expression profiles remained remarkably similar in primary preadipocyte cultures and in preadipocyte strains created by stably expressing human telomere reverse transcriptase in clones derived from single human abdominal subcutaneous, mesenteric and omental preadipocytes after 40 population doublings [47, 49] . These findings indicate that the distinct properties of fat cell progenitors from different fat depots are inherent. Van Harmelen et al. [50] also reported that subcutaneous preadipocytes proliferated at a greater rate than omental cells, but did not find regional variation in capacity for differentiation, which could be related to differences in the differentiation-inducing media used. Van Harmelen and colleagues also found that age correlated negatively with proliferation only in subcutaneous preadipocytes and not in the omental depot. This confirms that aging has distinct effects on preadipocytes from different fat depots and could explain loss of subcutaneous and relative preservation of omental fat with aging.
Fat Inflammation and Aging
Adipose tissue produces mediators of inflammation and insulin resistance. Preadipocytes likely play a key and underappreciated role in the pathogenesis of inflammation. Recent reports show that pro-inflammatory cytokines and chemokines are expressed predominantly in preadipocytes, rather than in adipocytes [51, 52] . Chung et al. [51] reported that human preadipocytes co-cultured with adipocytes (in the absence of macrophages) produce TNF-␣ , interleukin-6 and MCP-1 in response to lipopolysaccharide (LPS). Expression of these inflammatory mediators decreased as the degree of differentiation progressed. After LPS treatment, preadipocyte expression of adiponectin and PPAR-␥ , which are associated with insulin sensitivity, was attenuated. This suggests that stressed preadipocytes may initiate lymphocyte subset, mast cell and macrophage recruitment in adipose tissue and promote inflammatory responses that lead to impaired adipogenesis, insulin resistance and metabolic dysfunction.
Toll-like receptors (TLR) are components of the pathway through which LPS causes expression of its downstream pro-inflammatory targets. TLRs are a family of receptors that are critical in the innate immune response to foreign pathogens and micro-organisms. TLR4 is con-stitutively expressed in both preadipocytes and adipocytes [34, 51, 53] . In contrast, TLR2 expression is robustly induced by LPS only in preadipocytes and may, in part, be responsible for the greater inflammatory responsiveness of preadipocytes than fat cells [51] . Stimulation of TLRs initiates intracellular signaling cascades resulting in downstream NF B-and mitogen-activated protein kinase activation and upregulation of cytokine release. NF B is an inducible transcription factor that plays a central role in regulation of inflammation. Its inhibition leads to decreasing inflammatory responses [32] . Saturated fatty acids, which can be released by fat cells upon interaction with macrophages, activate NF B in macrophages through TLR4 [34, 35] . Furthermore, studies involving co-culture of preadipocytes and adipocytes indicate that preadipocytes can mediate insulin resistance in adipocytes [51] . From these observations it can be inferred that preadipocytes play a major role as initiators of inflammation, promoting a cascade of events that results in the transmission of paracrine signals to neighboring adipocytes; recruitment of inflammatory T lymphocyte subsets, mast cells and monocytes from the blood; activation of resident macrophages; and impairment in fat cell insulin responsiveness [51] . At least in obesity and perhaps with aging, cross-talk among these different cell types in fat tissue leads to a pro-inflammatory state that may contribute to systemic metabolic dysfunction [13, 32] .
Adipose tissue of obese animals and humans becomes infiltrated by macrophages [14] [15] [16] [17] [18] . Macrophage content correlates strongly with the extent of obesity and fat redistribution [17, 18] . In obesity, both experimental animals and humans accumulate more macrophages in visceral fat than subcutaneous fat [17, 54] . Different theories about the mechanism by which macrophages are recruited in obesity have been proposed. Visceral fat depots exhibit more extensive cell death in their adipocyte population as opposed to subcutaneous depots [54] . This is in accord with our finding that preadipocyte telomeraseexpressing strains derived from human visceral preadipocytes (and thus devoid of the presence of other cell types including macrophages) are more susceptible to apoptosis in response to TNF-␣ than subcutaneous telomerase-expressing strains [49] . It appears that chemokines secreted from preadipocytes contribute to fat tissue inflammation in obesity. Increased secretion of MCP-1 and other factors by preadipocytes could initiate T lymphocyte, mast cell and macrophage recruitment and activation in obesity.
How age-associated changes in subcutaneous and visceral fat are related to macrophage recruitment and systemic inflammation are poorly understood. A recent study [18] indicated that in younger animals, the highest percentage of macrophages is in visceral fat. Their numbers remain high with advancing age. Conversely, subcutaneous macrophage abundance was initially low but increased with aging. Since subcutaneous fat is 10 to 20 times more abundant than intra-abdominal visceral fat, this could have important systemic consequences. This contrasts with the report of Harman-Boehm et al. [17] , in which a significant positive association between age and percent of macrophages in human omental adipose tissue was observed. However, little variation in macrophage content in subcutaneous fat tissue was found. While more work needs to be done, there are strong indications that fat tissue macrophage abundance changes with aging and state of obesity, and is depot-dependent, linking dysfunctional adipose tissue to inflammation and systemic dysfunction. Much less is known about fat tissue T lymphocyte and mast cell abundance with aging and among fat depots.
Fat tissue inflammation with aging appears to be caused by changes in both preadipocytes and macrophages. Dysfunctional preadipocytes release more proinflammatory cytokines and chemokines that induce macrophage recruitment and activation. Cytokines produced by macrophages increase preadipocyte release of cytotoxic free fatty acids. These fatty acids are distributed to different organs, contributing to ectopic fat deposition, organ dysfunction and metabolic disorders, all of which become increasingly common in old age. Very little is known about age-related changes in fat tissue macrophage function. In other types of macrophages, the capacity to be induced into an inflammatory state actually declines with aging [55] . If fat tissue macrophage function also decreases with aging, this would indicate a greater role for other cell types, such as activated preadipocytes, in causing fat tissue inflammation with aging than is the case in obesity in younger subjects in whom macrophage responsiveness is intact.
Conclusions
Aging is characterized by body fat redistribution with increased visceral fat and relative loss of subcutaneous fat, especially in the periphery. The impaired capacity of fat tissue to store lipids associated with aging may be responsible for increased systemic free fatty acid exposure, leading to ectopic fat deposition, lipotoxicity and metabolic disease. Preadipocytes become dysfunctional with aging. They become paradoxically susceptible to lipotoxicity and have reduced capacities for proliferation and differentiation, leading to impaired fatty acid handling. Saturated fatty acids are especially deleterious, exerting particularly adverse systemic effects. Free fatty acids can actually impair adipogenesis by causing lipotoxicity in preadipocytes from older individuals, stimulating lipolysis and inducing cytokine secretion in preadipocytes, macrophages and perhaps other immune effectors, leading to a self-perpetuating vicious circle. Preadipocytes from old rats release more TNF-␣ than from young animals, which is amplified by the fat redistribution that occurs with aging. Epididymal preadipocytes release more TNF-␣ than perirenal cells and are more susceptible to apoptosis. Similarly, in humans omental adipocytes are more susceptible to TNF-␣ -induced apoptosis than subcutaneous adipocytes. Macrophages (a major source of TNF-␣ ), at least in obesity in younger subjects. Macrophage-released TNF-␣ impedes preadipocyte differentiation in old rodents. Some reports indicate that in obe- sity and lipodystrophy, macrophage content is higher in visceral fat than in subcutaneous fat. However, few studies have addressed the relationship between aging and fat depot origin on the one hand and macrophage recruitment on the other. In rats with varying degrees of obesity, macrophage content increases with aging mainly in subcutaneous fat and remains high throughout life in visceral fat. These findings suggest that even subcutaneous fat, believed to be protective in young individuals, may become dysfunctional and deleterious with aging ( fig. 2 ). The responsible upstream mechanisms ( fig. 3 ) and contribution of inherent preadipocyte characteristics (including reduced capacities for replication and differentiation) to fat tissue dysfunction with aging remain to be investigated in greater detail. Cellular senescence occurs together with fat tissue inflammation in obesity [56, 57] and in fat tissue dysfunction in mice with progeric syndromes induced by DNA-damaging mutations [58] . The role of cellular senescence in fat tissue inflammation, dysfunction, redistribution and depot-dependent trajectories with aging remains to be defined. Mechanisms responsible for regional variation in the trajectories of fat tissue dysfunction with aging are poorly understood. Interactions among different cell types, effects of fat depot origin on these relations, and their contribution to fat redistribution and metabolic dysfunction with aging all require further investigation. Another issue that merits scrutiny is the elucidation of mechanisms responsible for differences in macrophage abundance among fat depots with aging. The finding that inhibition of TNF-␣ in preadipocytes partially restores adipogenesis indicates that pharmacological interventions based on reducing inflammatory cytokines or cellular stress responses might delay metabolic dysfunction with aging. Elucidation of the mechanisms through which different fat depots become dysfunctional with aging might open opportunities for development of clinical interventions. This is particularly important as fat tissue is at the nexus of processes involved in determination of lifespan and onset of agerelated diseases (interventions such as caloric restriction increase lifespan and delay age-related disease in multiple species, and manipulating fat tissue growth by knocking out fat tissue insulin receptors extends lifespan in rodents).
